Aims/hypothesis Decreased levels of brain-derived neurotrophic factor (BDNF) have been implicated in the pathogenesis of Alzheimer's disease and depression. These disorders are associated with type 2 diabetes, and animal models suggest that BDNF plays a role in insulin resistance. We therefore explored whether BDNF plays a role in human glucose metabolism. Subjects and methods We included (Study 1) 233 humans divided into four groups depending on presence or absence of type 2 diabetes and presence or absence of obesity; and (Study 2) seven healthy volunteers who underwent both a hyperglycaemic and a hyperinsulinaemic-euglycaemic clamp.
Introduction
In this paper we focus on the possibility that brain-derived neurotrophic factor (BDNF) may, in addition to its role in neuronal health, play a systemic role in human glucose metabolism.
BDNF is a member of the neurotrophic factor family, which plays a key role in regulating survival, growth, and maintenance of neurons [1] . In addition, BDNF plays a role in learning and memory (for review see [2] ). It has been suggested that decreased production of BDNF is a pathogenetic factor common to Alzheimer's disease and major depression, which might explain the association between the two disorders [3] . Hippocampal samples from Alzheimer's disease donors show decreased BDNF expression [4] , and individuals with Alzheimer's disease have low plasma levels of BDNF [5] . In addition, major depression patients have lower levels of serum BDNF than normal control subjects [6] .
In animals BDNF is involved in insulin resistance. BDNF reduces food intake and lowers blood glucose levels in obese diabetic mice [7] [8] [9] . The hypoglycaemic effect of BDNF cannot be ascribed solely to the hypophagic effect of BDNF, because BDNF administration has beneficial effects on glucose homeostasis and improves insulin resistance in db/db mice even when food-intake is controlled [7] [8] [9] . The role of BDNF in metabolism is supported by studies on BDNF-deficient mice (Bdnf +/− ), which develop hyperphagia and obesity in early adulthood [10] . However, when BDNF is administered to normal mice or rats, it has no effect on blood glucose levels, indicating that BDNF exerts its effects by enhancing insulin sensitivity [7] . Further, BDNF activates several signalling pathways also activated by insulin, including phosphatidylinositol-3 kinase/Akt among others (reviewed in [11] ).
In humans, type 2 diabetes is associated with impaired cognitive function, including learning, memory, and processing speed [12, 13] . Large longitudinal population-based studies show that the rate of cognitive decline is accelerated in elderly people with type 2 diabetes [14] . A recent review [15] showed that the incidence of 'any dementia' was higher in individuals with type 2 diabetes than in those without. This high risk included both Alzheimer's disease and vascular dementia. Individuals with type 2 diabetes also have a high prevalence of affective illness, ∼11 to 15% meeting the criteria for major depression [16] . Vascular disease and alterations in glucose, insulin, and amyloid metabolism may be underlying mechanisms that explain the link between diabetes and neuropsychiatric diseases [15, [17] [18] [19] . A causal relationship between type 2 diabetes and insulin resistance on the one hand, and cognitive impairment, dementia, and major depression on the other, has not yet been demonstrated.
We tested the hypothesis that patients with type 2 diabetes have low levels of BDNF in plasma and examined whether the cerebral output of BDNF in humans is regulated by plasma levels of glucose or insulin, or both. Further, we tested whether the BDNF G196A single nucleotide polymorphism (SNP), which results in an amino acid substitution (Val/Met) and affects intracellular packaging of pro-BDNF and secretion of BDNF [20] , is a risk factor in diabetes or obesity.
Subjects and methods
Study 1: Plasma BDNF in patients with diabetes (epidemiological study)
Design and participant recruitment We used a crosssectional case-control design. Participants were divided into four distinct groups according to whether they had or had not been diagnosed with type 2 diabetes and according to BMI (≥30 or <30 kg/m 2 ). Participants (n=233) were recruited by advertising in a local newspaper and information on type 2 diabetes diagnosis was based on oral information from each subject. To verify the diagnosis, the WHO diagnostic criteria for type 2 diabetes were used. Participants were carefully screened to isolate metabolic conditions other than type 2 diabetes that are known to influence body composition and the immune system. Exclusion criteria were: treatment with insulin, recent or ongoing infection, history of malignant disease, and known dementia. Participants were categorised as having cardiovascular disease (CVD) if they had claudication or at least one of the following diagnoses: cerebrovascular accident, angina pectoris, or prior coronary artery bypass graft or percutaneous transluminal coronary angioplasty. Current intake of antidepressive medication was registered.
Participants received oral and written information about the experimental procedures before giving their written informed consent. The study was approved by the Ethical Committee of Copenhagen and Frederiksberg Council (01-141/04).
Protocol Participants reported in the laboratory between 08.00 and 10.00 h after an overnight fast. They did not take any medication in the 24 h preceding the examination, and those with type 2 diabetes did not take hypoglycaemic medication for 1 week preceding the examination. A general health examination was performed. Sphygmomanometric measurement of brachial blood pressure was performed on the participants while resting in supine position. Blood samples were drawn from an antecubital vein. On the same day, an OGTT was performed.
Oral glucose tolerance test Blood samples were drawn before, and 1 and 2 h after drinking 500 ml of water containing 75 g of dissolved glucose. The WHO diagnostic criteria were applied, i.e. NGT was defined as fasting venous plasma glucose <7.0 and venous plasma glucose <7.8 mmol/l 2 h after the oral glucose load; IGT was defined as fasting venous plasma glucose <7.0 mmol/l and venous plasma glucose between 7.8 and 11.0 mmol/l 2 h after the oral glucose load; type 2 diabetes was defined as fasting venous plasma glucose >6.9 mmol/l or venous plasma glucose >11.0 mmol/l 2 h after the oral glucose load. 2 ) were included, following provision of oral and written informed consent. Before the study, the subjects underwent a thorough clinical examination and blood samples were taken for evaluation of renal, hepatic and thyroid function, haemoglobin, white blood cell counts, electrolytes, plasma insulin and plasma glucose. All tests were normal. The study conformed to the Helsinki declaration and was approved by the Ethical Committee of Copenhagen and Frederiksberg Council (01 257245).
Study design Subjects underwent two separate trials at least 1 month apart in a randomised order. One trial comprised a steady-state hyperglycaemic clamp and the other a hyperinsulinaemic-euglycaemic clamp. On the study day, the subject reported to the laboratory after an overnight fast. A peripheral catheter was placed in an antecubital vein for infusion. Under local anaesthetic (lidocaine, 2%), a catheter was placed retrograde with the Seldinger technique in the right internal jugular vein (1.6 mm, 14 gauge; ES-04706; Arrow International, Reading, PA, USA). Placement of the catheter was guided by an ultrasound image and the catheter was subsequently advanced to the bulb of the vein. A third catheter was placed in the brachial artery (1.1 mm, 20 gauge) of the non-dominant arm. Cerebral perfusion was evaluated via ultrasound Doppler sonography (Transcan; EME, Überlingen, Germany) in the middle cerebral artery. Depending on the position with the best signal:noise ratio, the proximal part of the middle cerebral artery was insonated at a depth of 40 to 60 mm from the temporal bone and the probe was secured with a headband. Following instrumentation, the subjects rested in a semi-supine position with the back and head supported at an angle of ∼45°for 140 min. Cerebral perfusion was evaluated and blood samples from the right internal jugular vein and the brachial artery were drawn at baseline, just before initiation of the clamps (time point 140 min), at steady state conditions during the clamp (260 min, corresponding to 2 h), and at the termination of the clamp (320 min, corresponding to 3 h).
Hyperglycaemic clamp Glucose (200 g/1,000 ml) was infused intravenously for 3 h to maintain a blood glucose level of 15 mmol/l. The rate was adjusted by a computercontrolled infusion pump according to arterial blood glucose levels. To maintain potassium levels corresponding to baseline values, isotonic saline with potassium (51 mmol/l) was infused continuously. Measurement of glucose and potassium concentrations was done every 5 min for the first hour and then every 10 min.
Euglycaemic clamp Insulin (Actrapid, 100 IU/ml; Novo Nordisk Insulin, Bagsvaerd, Denmark) was infused continuously for 3 h at 0.08 U min −1 m −2 . Glucose (200 g/1,000 ml) was infused by a computer-controlled infusion pump at rates adjusted to maintain blood glucose at 5 mmol/l. Isotonic saline with potassium as well as 1,000 ml of isotonic saline were infused continuously during the study. Arterial blood was analysed at intervals of 5 min in the first hour and then every 10 min.
Both studies: measurement of BDNF, insulin, glucose, lipids, C-reactive protein and insulin resistance
Blood samples were drawn into glass tubes containing EDTA, which were immediately spun at 3,500 ×g for 15 min at 4°C. Plasma was isolated and stored at −20°C (Study 1) or −80°C (Study 2) until analysed. Plasma concentrations of BDNF were measured by ELISA (R&D Systems, Minneapolis, MN, USA). After thawing, samples were centrifuged at 10,000 ×g for 10 min at 4°C for complete platelet removal. Samples were analysed in duplicate, and mean concentrations were calculated. In Study 2 there was no significant change in cerebral perfusion over time and between trials (data not shown); thus untransformed data were used. Plasma levels of cholesterol, lipoprotein, triacylglycerol, C-reactive protein (CRP), glucose and insulin were measured using routine laboratory methods (Study 1). In Study 2, plasma levels of insulin were analysed by ELISA (Dako, Glostrup, Denmark). Plasma glucose and potassium concentrations in arterial blood were measured immediately on an EML 105 (Radiometer, Copenhagen, Denmark).
Based on the fasting plasma concentrations of glucose and insulin, the level of insulin resistance was calculated using the homeostatic model assessment version 2 (HOMA2-IR) from 1996 (available at http://www.dtu.ox. ac.uk/), since the original HOMA [21] tends to overestimate insulin resistance [22] .
SNP analyses DNA was extracted from whole blood that had been stored at −20°C using a kit (QIAamp DNA Blood Midi; Qiagen, Hilden, Germany). The BDNF 196 G/A polymorphism (rs 6265) was determined using fluorescence-based real-time PCR (ABI PRISM 7900 Sequence Detection System; Applied Biosystems, Foster City, CA, USA). A predeveloped assay (C_11592758_10; Applied Biosystems) was used, containing forward and reverse primers, as well as an FAM and a VIC-labelled Minor Groove Binding TaqMan probe representing each of the allele possibilities. PCR amplification was performed in a total reaction volume of 5 μl. The reaction mixture consisted of 1 μl 0.4 μg/μl gDNA, primer and probe mix (20×), nucleasefree water and 2× TaqMan Universal MasterMix (Applied Biosystems) containing AmpliTaq Gold DNA polymerase, AmpErase Uracil N-glycosylase, dNTPs with dUTP, ROX as passive reference and buffer components. Immediately after a regular PCR run (cycle profile: 50°C for 2 min+ 95°C for 10 min+[95°C for 15 s+60°C for 1 min]×40 cycles), an allelic discrimination run was performed allowing for discrimination between the allele composition of each sample. DNA was available for 222 subjects. We were unable to determine zygosity in four cases. Thus the effective sample size was 218.
Statistics
General The assumption of normality was tested using a probability plot and a Kolmogorov-Smirnov test. If data were not normally distributed, logarithmical transformation was performed (BDNF, insulin, glucose, triacylglycerol, CRP, HOMA2-IR). p<0.05 was considered significant. All analyses were performed with SAS 9.1 (SAS Institute, Cary, NC, USA).
Epidemiological study We distinguished between three glycaemia groups: NGT, IGT, type 2 diabetes. Unless otherwise stated, analyses were run excluding IGT subjects. For a description of the cohort, we defined two subgroups (obese, non-obese) within each glycaemia group. If an ANOVA revealed significant differences between the six subgroups, post hoc t tests (SAS: PROC TTEST) were used to determine whether each glycaemia/obesity group differed from the group with NGT and no obesity in terms of: age, sex, BMI, fasting glucose and lipids, CRP, CVD, intake of antidepressive medication and smoking status.
Multiple regression analyses (SAS: PROC GLM) were performed to identify whether diabetes, obesity, lipid profile, CRP, CVD status, intake of antidepressive medication, statins or fibrates, and the BDNF G196A SNP could explain some of the variation in plasma levels of BDNF (dependent variable). Reduction of the model was performed with 0.1 as the significance limit. As model control, normality of residuals (histogram) and a plot of residuals against predicted values were assessed.
To address which component of the diabetes diagnosis was most strongly correlated with plasma BDNF levels, we used a linear regression analysis (SAS: PROC REG) with log(BDNF) as the dependent variable and the following covariates: fasting plasma glucose, fasting plasma insulin and obesity. Correlation coefficients were calculated using the SAS PROC CORR statement. There was no collinearity between plasma glucose and plasma insulin.
To study differences in genotype frequencies between groups the χ 2 test was used.
Experimental study The jugular-to-arterial concentration differences were calculated. In order to determine whether there was a net efflux of BDNF across the brain, the AUC corresponding to the two pre-clamp measurements on each experimental day was determined. A paired t test showed that the AUCs did not differ between experimental days (p=0.2) and, therefore, means for each subject were calculated. To test whether the resulting AUC was different from zero a t test was performed.
Time-course during clamps An ANOVA for repeated measures including all four time-points was used (model: jugular-to-arterial difference in BDNF = time; subject was included as a random effect).
Results

Plasma BDNF is decreased in patients with type 2 diabetes
The characteristics of the cohort are shown in Table 1 . Figure 1 illustrates that plasma levels of BDNF were decreased in diabetic participants relative to those without type 2 diabetes (F=20.0, p<0.0001), and in obese relative to non-obese participants (F=6.1, p=0.01). There was no interaction between diabetes and obesity status on plasma BDNF concentrations. These associations remained unchanged when adjusted for age, sex and smoking status, which had no effect on plasma BDNF levels (R 2 for the model: 13%). Inclusion of subjects with IGT as a third glycaemia group demonstrated the same association pattern (p<0.0001). The effect of obesity was unchanged (p=0.02).
Diabetes and obesity retained their effects in a multivariate analysis including CVD, hypertension, cholesterol, CRP, BDNF G196A zygosity and intake of antidepressive medication, statins or fibrates along with age, sex and smoking status (R 2 for the model: 25%). Furthermore, this analysis showed no effect on plasma BDNF of CVD, hypertension, age, sex, smoking status, intake of antidepressive medication, statins or fibrates or BDNF G196A zygosity (in all cases p>0.3). The reduced model included diabetes, obesity status, cholesterol, CRP and the interaction between CRP and diabetes (R 2 for the reduced model: 21%). In the fully adjusted and the reduced model, cholesterols showed a positive association with plasma BDNF (p<0.02 in both models). We also demonstrated a trend towards an interaction between CRP and diabetes (p<0.1 in both models) and therefore analysed correlational relationships between BDNF and CRP separately for participants with NGT and for participants with type 2 diabetes. No association between BDNF and CRP was found in participants with NGT, whereas a positive association between BDNF and CRP was seen in the diabetic group in a model also including obesity, CVD, hypertension, cholesterol, and intake of antidepressive medication, statins and fibrates along with age, sex and smoking status (p=0.002).
Plasma BDNF is inversely associated with plasma glucose Plasma BDNF was inversely associated with HOMA2-IR, which is a measure of insulin resistance, also when adjusted for age, sex and smoking status (p=0.03). A univariate model showed that this association was due to an inverse correlation between plasma BDNF and fasting plasma glucose (p<0.0001, Pearson correlation coefficient=−0.3). A multivariate analysis (linear regression model) confirmed the inverse association between plasma BDNF and fasting plasma glucose levels (p<0.0001), whereas insulin had no effect (p=0.4). The association between obesity and BDNF was maintained in this model (p<0.01). Obese BMI>30, non-obese BMI≤30 kg/m 2 . Data are means±SEM. a Data not normally distributed, statistics performed on log transformed data. Model for ANOVA: variable=glycaemia/obesity group. *p=<0.05; **p=<0.01; ***p=<0.001 in unpaired t test comparing each of the groups with NGT and no obesity. Fig. 1 Plasma concentrations of brain-derived neurotrophic factor (BDNF) are shown for the following six groups: NGT Nonobese (n=62), NGT obese (n=41), IGT non-obese (n=15), IGT obese (n=19), patients with type 2 diabetes, non-obese (n=50) and patients with type 2 diabetes, obese (n=46). Data are expressed as geometric means; error bars represent 95% CIs. Multiple linear regression (model: log[BDNF] = glycaemia group + obesity + glycaemia group × obesity) showed no interaction between glycaemia group and obesity. A significant effect of glycaemia group (p<0.0001) and of obesity (p=0.02) on plasma BDNF concentrations was observed
The 196 BDNF polymorphism is not associated with diabetes
The genotype distributions of BDNF G196A followed Hardy-Weinberg equilibrium. Genotype frequencies did not differ between glycaemia groups. Genotype frequencies in the cohort were: NGT: GG= 69%, GA= 27%, AA= 4%; IGT: 50, 41, 9%; type 2 diabetes: 63, 32, 5%; overall frequencies: GG = 64%, GA= 31%, AA= 5%. Similar results were found when the cohort was further subdivided into glycaemia/obesity subgroups (NGT/nonobese, NGT/obese; IGT/non-obese, IGT/obese; type 2 diabetes/non-obese, type 2 diabetes/obese) (data not shown).
Plasma BDNF output from the human brain
To determine whether the human brain released BDNF to the circulation, the exchange of BDNF across the brain was studied in seven healthy male volunteers. Since there was no significant change in cerebral perfusion over time and between trials (data not shown), the cerebral output was defined as the jugular-to-arterial concentration difference of BDNF. In resting conditions we found a significant output of BDNF across the brain (Fig. 2a,b) , in that the mean AUC for the jugular-toarterial concentration difference in BDNF was different from 0 (p= 0.02).
BDNF output from the brain is abrogated by hyperglycaemia
The finding in the cohort study that plasma BDNF was inversely correlated with plasma glucose raised the possibility that high plasma glucose levels would negatively influence BDNF output. To test the possibility of a direct effect, the above-mentioned seven volunteers were exposed to a hyperglycaemic clamp. When blood glucose levels were maintained at 15 mmol/l for 3 h, this inhibited BDNF output from the brain (effect of time: p=0.009) (Fig. 2a) .
BDNF output from the brain is not regulated by hyperinsulinaemia During 3 h of hyperglycaemia, a gradual increase in plasma insulin levels was observed. To determine if a high plasma insulin level had a direct effect on BDNF output, a euglycaemic-hyperinsulinaemic clamp was performed. At euglycaemic-hyperinsulinaemic clamp conditions, the cerebral output of BDNF was not inhibited (effect of time: p= 0.5) (Fig. 2b) . Glucose and insulin levels during the two clamps are presented in Table 2 .
Discussion
In the present study, we demonstrated that there is a cerebral output of BDNF, and that this is inhibited during hyperglycaemic clamp conditions in humans. This may explain the concomitant finding of low circulating levels of BDNF in individuals with type 2 diabetes, and the association between low plasma BDNF and the severity of insulin resistance (HOMA2-IR). We also found a highly significant inverse association between BDNF and plasma glucose, but no association between BDNF and plasma insulin.
In line with an earlier report [23] , obesity was associated with lower systemic levels of BDNF in our population. Furthermore, we found no interaction between the effects of type 2 diabetes and obesity on plasma levels of BDNF. The associations between BDNF on the one hand and obesity and insulin resistance on the other could not be ascribed to antidepressive medication or CVD. Thus our results are in accordance with reports from animal models and with the hypothesis that BDNF plays a role in insulin resistance and in energy balance [7] [8] [9] [10] .
On the basis of our findings, we suggest that circulating levels of BDNF are regulated in response to plasma levels of glucose. Although the sources of circulating BDNF are not yet positively identified, the brain is a major site of BDNF production, and BDNF crosses the blood-brain barrier in animals [24] . Measurement of cerebral output of BDNF defined as the jugular-to-arterial concentration difference demonstrated output of BDNF from the human brain at basal states. Moreover, in accordance with the cohort data, where high blood glucose was associated with low plasma BDNF, the cerebral output of BDNF was inhibited when blood glucose levels were elevated during clamp conditions. In contrast, the cerebral output of BDNF did not change during hyperinsulinaemic-euglycaemic clamp conditions, indicating that high levels of glucose, but not of insulin, have a negative influence on the output of BDNF from the brain.
The BDNF G196A SNP has been studied for its possible association with Alzheimer's disease and depression, but reports are contradictory [25] [26] [27] [28] [29] . In the present study we found no association between this SNP and diabetes or obesity.
Inflammation has been suggested as a key factor in insulin resistance [30] . Systemic low-grade inflammation is defined as two to fourfold increases in circulating levels of inflammatory markers such as CRP [31] , and many reports confirm an association between low-grade systemic inflammation on the one hand, and the metabolic syndrome, type 2 diabetes and atherosclerosis on the other [32] [33] [34] [35] [36] [37] . Accordingly, it is possible that the association between low levels of BDNF and insulin resistance reflect underlying inflammatory processes. In addition, it has previously been described that patients with acute coronary syndromes have reduced levels of BDNF in plasma [38] , which could further point to an association among inflammation, CVD and BDNF. In the present study, high CRP levels were found in participants with type 2 diabetes compared with those without type 2 diabetes, as reported elsewhere [39] . However, no association was found between BDNF and CRP in participants without type 2 diabetes, whereas a positive, rather than inverse, correlation was seen between BDNF and CRP in participants with type 2 diabetes. This indicates that low levels of BDNF are an independent risk factor and not a marker of inflammation. In accordance with this, plasma BDNF levels were not affected when endotoxin was administered to healthy humans (data not shown), whereas CRP increased more than tenfold [40] . In addition, in the present study we found no association between BDNF and CVD or hypertension, although this finding might reflect sample size problems.
Other possible limitations of the study should be considered. The experimental part of this study was performed on healthy male persons and extrapolation to individuals with type 2 diabetes is not necessarily correct. Also, when working with jugular-to-arterial differences, it is not possible to discern whether our findings reflect production by the brain or by the cerebrovascular endothelium. Finally, we cannot exclude the possibility that the entire endothelium, and not only the cerebrovascular endothelium, releases BDNF.
In conclusion, the present study indicates that BDNF plays a role in glucose metabolism and also suggests that neurotrophins such as BDNF may play pathogenetic roles not only in dementia and major depression, but also in type 2 diabetes, potentially explaining the clustering of these diagnoses. The negative correlation between high plasma glucose and the severity of insulin resistance on the one hand and circulating BDNF levels on the other underlines the clinical importance of our study. We also conclude that BDNF is released from the human brain, and that the cerebral output of BDNF is negatively regulated by high plasma glucose levels. 
